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Edited by Gianni CesareniAbstract AS-48 is a 70-residue circular peptide from Entero-
coccus faecalis with a broad antibacterial activity. Here, we pro-
duced by limited proteolysis a protein species carrying a single
nicking and fragments of 55 and 38 residues. Nicked AS-48
showed a lower helicity by far-ultraviolet circular dichroism
and a reduced stability to thermal denaturation, but it was active
against the sensitive bacteria assayed. The fragments also partly
retained the biological activity of the intact protein. These results
indicate that circularization is not required for the bactericidal
activity, but it is important to stabilize the native structure.
Moreover, it is possible to reduce the sequence to a minimal
AS-48 domain without causing inactivation of this bacteriocin.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Circularization of polypeptide chains is a modiﬁcation that
stabilizes the native conformation of a protein and increases
the resistance to proteolysis. There are many examples of nat-
ural circular proteins in diﬀerent organisms. AS-48 is a 70-res-
idue circular peptide from Enterococcus faecalis that belongs to
an heterogeneous group of bacterial antimicrobial polypep-
tides, also called bacteriocins [1–5]. This protein shows a broad
antimicrobial spectrum against both Gram-positive and
Gram-negative bacteria [6,7]. The target of AS-48 is the bacte-
rial cytoplasmic membrane in which it inserts in a voltage-
independent manner forming pores and leading to the dissipa-Abbreviations: CD, circular dichroism; E/S, enzyme to substrate ratio;
ESI-MS, electrospray ionization-mass spectrometry; RP, reverse
phase; HPLC, high-performance liquid chromatography; [h], mean
residue ellipticity; TFA, triﬂuoroacetic acid; Tris, tris(hydroxy-
methyl)aminomethane; SDS, sodium dodecyl sulfate; UV, ultraviolet;
TFE, triﬂuoroethanol; Gdn-HCl, guanidine hydrochloride; MIC,
minimum inhibitory concentration; AS10/11, AS-48 nicked at the level
of residues Ala10 and Val11; AS43–27, fragment 43–27 of AS-48;
AS42,43–10, fragments 42–10 and 43–10 of AS-48
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doi:10.1016/j.febslet.2008.08.018tion of the proton motive force [2]. The complete NMR assign-
ment indicated that the AS-48 fold is characterised by ﬁve
helices (a1 to a5) arranged to form a globular structure
(Fig. 1) [8]. This bacteriocin is a strongly basic molecule
(pI  10.5) that contains a high proportion (49%) of hydro-
phobic and uncharged hydrophilic amino acid residues [1,9].
Basic residues are asymmetrically distributed at the level of
the helices, being clustered in helices a4 and a5, whereas a
hydrophobic surface is located in helices a1, a2 and a3. The
backbone circularization of the pro-AS-48 occurs in the middle
of a5-helix between Met1 and Trp70 and it confers an extre-
mely high stability to the protein [10,11]. Because of its stabil-
ity and broad antimicrobial spectrum, AS-48 is a good
candidate as a natural food preservative [12–14].
Previous attempts to obtain a nicked AS-48 by chemical
hydrolysis with BrCN were not successful [10]. The synthesis
of a fragment encompassing the positive charged region also
did not produce an active species [15]. Here, we have used lim-
ited proteolysis to produce linear forms of AS-48, considering
that this technique often allows to obtain nicked forms and
fragments of a protein able to maintain a native-like confor-
mation and even biological activity [16–18]. We report the pro-
duction of a nicked AS-48 form and fragments species of 55
and 38 residues that retain an a-helical secondary structure
and partly the biological activity of the intact protein.2. Materials and methods
2.1. Materials
Thermolysin was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). All chemicals of analytical reagent grade were purchased
from Sigma or Fluka (Basel, Switzerland). AS-48 was puriﬁed to
homogeneity from the supernatant of the producer Enterococcus fae-
calis JH2-2(pAM401-81) strain in high cell density batch using the
puriﬁcation protocol earlier developed [19].2.2. Limited proteolysis experiments
Puriﬁed samples of AS-48 were prepared upon dissolution of the
lyophilised protein in 6 M Gdn-HCl followed by desalting using a
Sephadex G-25 column equilibrated in 50 mM Tris–HCl, pH 7.5. Pro-
teolysis reactions were conducted in 50 mM Tris–HCl, 0.1% sodium
dodecyl sulfate (SDS), pH 7.5, upon addition of a stock solution of
10% SDS in 50 mM Tris–HCl, pH 7.5, to the protein sample collected
from gel ﬁltration. Proteolysis in 15% triﬂuoroethanol (TFE) were car-
ried out upon dilution of the same sample with TFE. Experiments were
performed at a protein concentration of 1.0 mg/ml using thermolysin
at an enzyme to substrate (E/S) ratio of 1/50 (by weight) at room tem-
perature for the proteolysis in 0.1% SDS, and at an E/S ratio of 1/20 atblished by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic three-dimensional structure and amino acid sequence of AS-48. (A) Three-dimensional structure of AS-48 derived from the NMR
structure of the protein (ﬁle 1E68 taken from the Brookhaven Protein Data Bank) using the program WebLab Viewer Pro 4.0 (Molecular
Simulations Inc., San Diego, CA, USA). Amino acid residues M1 and W70 appear separated in the model, but in the protein they are connected by a
peptide bond. The ﬁve major helical regions of the protein spanning residues 9–21 (a1), 25–34 (a2), 37–45 (a3), 51–62 (a4) and 64–5 (a5) are indicated
and showed with diﬀerent colours (see B). (B) Amino acid sequence of AS-48. The regions of a-helical structure are indicated with coloured boxes and
arrows indicate the sites of initial proteolytic cleavage by thermolysin (Th) in 0.1% SDS and 15% TFE. (C) Schematic representation of AS10/11 and of
fragments AS4327 and AS42,4310 produced by limited proteolysis of AS-48.
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acidiﬁcation with triﬂuoroacetic acid (TFA) in water. Stock solutions
of thermolysin were prepared in 50 mM Tris–HCl, 5 mM CaCl2, pH
7.5, for the reaction in 0.1% SDS and in 50 mM Tris–HCl, 1 mM
CaCl2, pH 7.5, for the reaction in 15% TFE, and stored at 20 C.
For the limited proteolysis reaction in 15% TFE a lower concentration
of CaCl2 was preferred, since it resulted in an increase of the yield of
fragment AS4327. The proteolysis mixtures were analyzed by RP-
HPLC using a Jupiter C4 column (4.6 mm · 250 mm; Phenomenex,
Torrance, CA, USA) connected to an anion exchange guard column
and eluted with a gradient of acetonitrile/0.085% TFA vs water/0.1%
TFA from 5% to 65% in 10 min, from 65% to 68% in 15 min and from
68 to 95% in 1 min. The eﬄuent was monitored by recording the absor-
bance at 226 nm. The collected fractions were freeze-dried using a
Speed-Vac system (Savant). AS10/11 still eluted from the RP-HPLC
separation with bound some SDS molecules that were eliminated upon
precipitation with 6 M Gdn-HCl.
The sites of proteolytic cleavage of AS-48 were identiﬁed upon anal-
ysis by mass spectrometry of the protein fragments puriﬁed by RP-
HPLC. Mass determinations were obtained with an electrospray ioni-
zation (ESI) mass spectrometer Q-Tof Micro from Micromass (Man-
chester, UK). The measurements were conducted at a capillary
voltage 3 kV and a cone voltage 30–40 V. The molecular masses of
protein samples were estimated using the MassLynx software 4.0
(Micromass) and compared with the sequence of AS-48 using the
MassXpert 1.0 software. In order to determine the sites of nicking of
AS-48, N-terminal sequencing was performed using an Applied Biosys-
tems (Foster City, CA, USA) protein sequencer (model Procise
HT491).
2.3. Circular dichroism
Protein concentration was determined by UV spectroscopy using
extinction coeﬃcient values calculated according to Gill and von Hip-
pel [20]. Circular dichroism spectra were recorded at room temperature
on a Jasco J-710 spectropolarimeter (Tokyo, Japan) equipped with a
thermostatically controlled cell holder [18]. Thermal denaturation of
AS10/11 was performed by measuring the temperature dependence of
the dichroic signal at 222 nm of the protein dissolved in 10 mM phos-phate buﬀer, pH 2.5, at a concentration of 0.015 mg/ml and using a
cuvette with a 1.0 cm path length. The circular dichroism (CD) signal
was continuously recorded while heating the cuvette at a constant rate.
2.4. Activity assays
Puriﬁed AS-48, AS10/11 and fragments AS43–27 and AS42,43–10 dis-
solved in water:acetonitrile (1:1) plus 0.05% TFA were tested for
their inhibitory activity against Enterococcus faecalis JH2-2 and Lis-
teria monocytogenes CECT 4032 strains using the spot-assay method
[21]. Spots with known protein concentration were deposited onto
plates of buﬀered Mueller Hinton Agar (MHA-T, Scharlab), previ-
ously overlaid with 6 ml of BHA soft-agar inoculated with the indi-
cator strain. Peptide activity was assessed by observing an inhibition
zone after incubation overnight at 37 C. To determine the minimum
inhibitory concentration of the nicked form and fragments of AS-48,
samples were diluted and tested against the indicator strains under
identical conditions.3. Results
3.1. Limited proteolysis of AS-48
Proteolysis experiments were carried out at neutral pH and
in the presence of TFE or SDS and the proteolysis mixtures
were analysed by RP-HPLC (Fig. 2). The sites of hydrolysis
were determined upon analysis of the proteolytic products
eluted in the chromatographic fractions by mass spectrometry
(Table 1) and N-terminal sequencing. When limited proteolysis
was conducted in 50 mM Tris–HCl, pH 7.5, we observed the
production only of small peptides (Fig. 2A) which were not
of interest for the purposes of this study. Addition of 15%
TFE instead determined a slower degradation of AS-48 and
it allowed the isolation of fragment 43–27 (AS43–27) with a
good yield (Fig. 2B and 1C). Upon increasing the TFE concen-
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Fig. 2. Limited proteolysis of AS-48 by thermolysin. RP-HPLC
analyses of the proteolytic mixtures of AS-48 reacted with thermolysin
in 50 mM Tris–HCl, pH 7.5 (A), with the addition of 15% TFE (B) or
in the presence of 0.1% SDS (C). Aliquots of the reaction mixtures
were analysed after 8 h (A and B) and 10 min (C) of incubation.
Table 1
Molecular masses of fragments of AS-48 obtained by proteolysis with
thermolysin in 0.1% SDS or 15% TFE
Protein speciesa Molecular mass (Da)
Calculatedb Measuredc
AS-48 7149.50 7149.42
AS43–27 5798.93 5798.83
AS10/11 7167.57 7167.25
AS43–10 4141.41 4140.44
AS42–10 4254.49 4253.52
AS18–10 6512.80 6512.88
aFragments obtained by proteolysis of AS-48 with thermolysin in 0.1%
SDS or 15% TFE (Fig. 2).
bMolecular masses calculated from the amino acid sequence of AS-48.
Mass values above 4500 Da are given as average molecular masses.
cExperimental molecular masses determined by ESI-MS.
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even if we isolated a nicked form of AS-48 opened between res-idues Leu42 and Leu43, the yield of this species was too low to
perform additional studies (data not shown).
Limited proteolysis was also conducted at neutral pH in the
presence of 0.1% SDS. Using these conditions, we obtained
three forms nicked at the level of residues Ala10 and Val11
(AS10/11), Leu42 and Leu43 (AS42/43), Ser41 and Leu42
(AS41/42), as well as fragments 18–10, 43–10 and 42–10
(Fig. 2C and 1C). The molecular masses of these species were
determined by electrospray ionization-mass spectrometry
(ESI-MS) and they are shown in Table 1. We isolated AS10/11,
fragments 43–10 and 42–10 in suﬃcient amount and homoge-
neity to perform further structural analyses and activity tests.
Since the two fragments elute together from the RP-HPLC
column, they were studied in mixture and we will refer to them
as AS42,43–10.
3.2. CD spectroscopy
Far-UV CD spectra were acquired on solutions of AS10/11
and of fragments AS4327 and AS42,4310 in 50 mM Tris–
HCl, pH 7.5 (Fig. 3). AS10/11 and AS-48 have CD spectra typ-
ical of an a-helical conformation, but the intensity of the CD
signal of the nicked species is reduced. We estimated a loss
of 35% of a-helical content in respect to that of the intact
protein, being the percentage of a-helix calculated according
to Scholtz et al. [22] 45% and 80% for AS10/11 and AS-48,
respectively (Fig. 3A). Conversely, far-UV CD spectra of
AS10/11 and AS-48 acquired in the presence of 0.1% SDS evi-
denced a much lower diﬀerence in helicity between the nicked
and intact forms, being 7% less for AS10/11 in respect to that
of intact AS-48. The surfactant appears to stabilise the helical
conformation of AS10/11, whereas it slightly denatures intact
AS-48.
The far-UV CD spectra of fragments AS4327 and AS42,4310
are instead quite diﬀerent (Fig. 3B). Indeed, the spectrum of
fragment AS43–27 displays the features of a-helical polypep-
tides, since minima of negative ellipticity occur near 208 and
222 nm. Interestingly, the helical content of this fragment spe-
cies is substantial, since it shows a helicity of 71%, 9% less
than that of intact AS-48, thus suggesting that it retains a na-
tive-like conformation. Fragments AS42,43–10 instead show a
much lower helical content and an increase in the intensity
of the minimum at 205 nm, which is indicative of a more un-
folded conformation.
In order to determine the eﬀect of nicking on the thermal
stability of AS-48, we subjected AS10/11 to thermal denatur-
ation at pH 2.5 (Fig. 4). It has been reported that the thermal
unfolding of AS-48 at neutral or alkaline pH leads to irrevers-
ible protein aggregation, in line with the fact that the protein at
acidic pH is monomeric and forms a dimer at neutral pH
[8,23]. At pH 2.5, AS10/11 has a far-UV CD spectrum that
has the features of an a-helical polypeptide, but it shows a
much lower ellipticity than AS-48 (data not shown). On the ba-
sis of the thermal denaturation proﬁle monitored by the tem-
perature-dependence of the CD signal at 222 nm (Fig. 4A),
AS10/11 shows a low cooperativity of unfolding and a reduced
stability if compared to native AS-48, which was shown to un-
fold at 102 C [10,11]. However, even in the case of nicked AS-
48, thermal unfolding is reversible at pH 2.5, as indicated from
the nearly coincidence of the far-UV CD spectra recorded at
9.7 C before and after heating (Fig. 4B). Interestingly, the
CD melting curve of nicked AS-48 shows also some initial
cold-induced unfolding below 20 C, a phenomenon already
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Fig. 5. Inhibition halos of AS-48 and its derivatives against E. faecalis
(A) and L. monocytogenes (B) after 18 h of incubation at 37 C. (1)
Native AS-48 (control), (2) AS10/11, (3) AS43–27, (4) AS42,43–10, (5) 50%
acetonitrile containing 0.05%TFA (solvent control). Samples (5 ll)
contained a protein or fragment concentration of 0.3 mg/ml.
3240 M. Montalba´n-Lo´pez et al. / FEBS Letters 582 (2008) 3237–3242described for other proteins [24]. A cold denaturation eﬀect has
been observed also for intact AS-48, but only under denaturing
conditions, thus conﬁrming that nicking of the protein reduces
its stability [10].
3.3. Activity tests
The biological activity of the nicked form and fragments of
AS-48 were evaluated by inhibition of the growth of L. mono-
cytogenes CECT 4032 and E. faecalis JH2-2, both of them
being sensitive bacteria against AS-48 wild-type (Fig. 5).
AS42,4310, AS43–27 and AS10/11 samples (5 ll) were active
against both the indicator strains when assayed at 0.3 mg/ml,
demonstrating that all these linear AS-48 forms retain the
inhibitory activity, L. monocytogenes being more sensitive.
However, the stability of the samples in solution was in all
cases less than that of the native AS-48, since the activity
was lost during freezing and thawing processes. Finally, com-paring the minimum inhibitory concentration (MIC) against
L. monocytogenes, the nicked form was at least 300 times less
M. Montalba´n-Lo´pez et al. / FEBS Letters 582 (2008) 3237–3242 3241eﬀective than the native form and fragments AS4327 and
AS42,4310 were 500 and 1000 times less active, respectively.4. Discussion
Proteolysis experiments were conducted using thermolysin
on AS-48 dissolved in the presence of SDS and TFE, since un-
der these solvent conditions the protein is hydrolysed at few
peptide bonds, as often observed with folded protein species
[25]. Several studies have demonstrated that SDS and TFE
have a peculiar denaturing eﬀect towards the native conforma-
tion of proteins, since they lead to partly folded protein con-
formations that appear to mimic those formed by proteins at
the level of membranes [25,26]. Indeed, proteolysis experiments
conducted in the presence of TFE and SDS lead to the hydro-
lysis of the protein at few peptide bonds encompassed by heli-
ces a1, a2 and a3 (residues 9–45), suggesting that this region
becomes more ﬂexible and thus susceptible to attack by the
protease (Fig. 1) [18].
Nicking of the peptide bond Ala10-Val11 at the N-terminus
of helix a1 of AS-48 leads to a consistent destabilization of the
structure of the protein. Analysis by far-UV CD of the nicked
AS10/11 form shows a reduction in ellipticity in respect to the
native protein which can be interpreted considering that
hydrolysis alters the secondary structure of AS-48. Indeed, it
is probable that the open form is less compact and rigid in re-
spect to the intact protein, in agreement with the observation
that structural ﬂuctuations and reduction in helix length can
lower the measured helicity [27]. The secondary structure of
AS10/11 is also less stable to thermal denaturation in respect
to native AS-48, as expected for the favourable entropic contri-
bution introduced by circularization [10,11]. In spite of the dif-
ferences in helical content and stability, biological assays
conﬁrmed that the nicked form retains its functional properties
even if it shows a 300 times lower inhibitory activity. These re-
sults suggest that circularization is not essential for the bacte-
ricidal activity, but that it can stabilise the three-dimensional
structure of the protein. Interestingly, upon addition of 0.1%
SDS the helical contents of native and nicked AS-48 became
almost identical, demonstrating that AS10/11 can acquire a con-
formation similar to that of intact AS-48 in the presence of a
membrane-like environment. This observation suggests that
nicking is compatible with the insertion into the bilayer lipid
membrane that is required for the activity [2].
Fragment AS43–27 shows a high a-helix content close to that
calculated from the NMR structure of AS-48 (71% and 78%,
respectively), whereas the AS42,43–10 species displays a far-
UV CD spectrum characteristic of a more random conforma-
tion. Activity tests conducted on AS43–27 and AS42,43–10 indi-
cated that the ﬁrst species is more active, but not as AS10/11.
All these fragments retain the positive charged region that is
important for the interaction with bacterial membranes. The
higher activity of AS43–27 could be explained by the presence
in this last species of the hydrophobic a1 helix and by the
acquisition of a more structured conformation that can main-
tain the cluster of positive charges in a native-like arrange-
ment. Indeed, the helical content has been demonstrated to
be important for the activity of anti-bacterial peptides [28].
Interestingly, the previously described synthetic 21-residue
peptide comprising residues 49–69 of AS-48 was fully devoidof biological activity [15]. The synthetic mini-bacteriocin dif-
fers from AS42,43–10 by the absence of the last 11 residues
70–10 (WMAKEFGIPAA) of a5 helix and by the substitution
of residues Ile59 and Val67 with cysteinyl residues linked by a
disulﬁde bond, that was introduced into the peptide in order to
maintain the relative orientation of the helices (Fig. 1). We
suggest that the presence of the Trp70 residue in AS42,43–10
can be important for the biological activity of AS-48. Indeed,
tryptophan residues are known to display a high aﬃnity for the
polar-apolar interface of the lipid bilayer and they are involved
in the interaction with membranes, as demonstrated by muta-
tional analysis in pediocin-like bacteriocins [29]. AS42,43–10
thus appears to be the minimal sequence of AS-48 that still
shows activity, analogous to the anti-mycobacterial domain
identiﬁed in NK-lysin and granulysin [30].
Summing up, the results here presented conﬁrm that it is
possible to produce linear forms of AS-48 that can still retain
biological activity. However, a proper distribution of electro-
static and hydrophobic surfaces in the protein species appears
to be required for developing a full antibiotic activity and
thus an eﬃcient insertion into the membranes. Indeed, the
biological activity of AS-48 requires not only the positively
charged region of the protein, but also part of the hydropho-
bic region.
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